We report the observation of spatial instabilities in singly resonant intracavity second-harmonic generation. Self-focusing as well as spatially ordered near-and far-field structures are observed. Experimental results are compared with mean-field analysis as well as three-dimensional numerical simulations. © 2003 Optical Society of America OCIS codes: 190.0190, 190.4420. Spatial instabilities and interactions of beams in media with quadratic nonlinearity have been studied intensely in recent years. Research in this area is motivated by applications to all-optical switching and image processing 1 -3 as well as interest in quantum optical aspects of spatial structures 4 -8 for use in low-noise imaging and precision measurements.
Spatial instabilities and interactions of beams in media with quadratic nonlinearity have been studied intensely in recent years. Research in this area is motivated by applications to all-optical switching and image processing 1 -3 as well as interest in quantum optical aspects of spatial structures 4 -8 for use in low-noise imaging and precision measurements. 9 -11 A single pass of suff iciently intense radiation through a nonlinear crystal can result in focusing and (or) defocusing effects that lead to soliton formation as well as convective modulational instability and multisoliton generation. 12, 13 Alternatively, an intracavity geometry can be used that provides feedback for the incident and (or) generated beams. The intracavity geometry has been predicted to lead to absolute modulational instabilities, spatial patterns, and solitons in both parametric oscillation and second-harmonic generation (SHG) configurations. 14 -19 Evidence for structure formation in parametric oscillation in a stable resonator was reported in Ref. 20 .
We describe here the results of a SHG experiment in a cavity with planar mirrors pumped by a wide Gaussian-type beam. The use of a planar resonator allows us to make direct contact with the large body of theoretical work devoted to this configuration. We concentrate on parameters where a possible internally pumped parametric oscillation does not strongly inf luence the transverse structure formation. 19 The experimental results are consistent with the presence of an absolute instability that is due to the presence of cavity feedback. We note that the intracavity modulational instability reported here is observed with pump intensities that are orders of magnitude lower than those that one would need to observe instabilities in propagation experiments. 12, 13 Numerical simulations of mean-field and cavity models based on three-dimensional propagation equations result in structures and spatial scales similar to those observed experimentally.
The experimental arrangement shown in The generated second harmonic escapes from the cavity after passing through the dichroic mirror. We can vary the distance L air between the antiref lection end of the crystal and the input coupler from 1.5 to 10 mm to change the length of the cavity.
To generate the pump radiation we start with a continuous-wave beam of ϳ100 mW at 860 nm from a single-longitudinal-mode ring Ti:sapphire laser. The 860-nm radiation is passed through a 2-cm-long Ti:sapphire rod f ive times and pumped with 100-mJ pulses from a doubled Nd:YAG laser. The resulting infrared pulses have a peak power of up to 20 kW in a 150-ns-long (FWHM) pulse. The 150-ns pulse corresponds to ϳ690 SHG cavity round trips when L air 1 cm.
The ratio of the internal circulating power to the external pump power is given by the cavity buildup fac-
where T is the intensity transmission coeff icient of the input coupler, R L is the effective round-trip cavity ref lectivity in the presence of internal losses, and we have neglected any nonlinear loss resulting from SHG. We estimate the internal ref lectivity as R L 1 2 2͑0.01 1 0.005 1 0.03͒ 2 0.005 0.905, where the numerical factors from left to right represent the dichroic mirror, the crystal antiref lection coating, the crystal internal loss, and the crystal high-ref lection coating. With a T 5% input coupler we get a cavity f inesse of 43, a HWHM linewidth of g͞2p 62 MHz, and a projected buildup factor of B Ӎ 10. The buildup deduced from measurements of the transmission in an aligned and misaligned cavity (experimental ratio #150) was B exp ϳ 8. We attribute the reduction in B exp compared with the value predicted from loss measurements to be due to our use of wide beams, which amplifies the deleterious effects of scattering and crystal inhomogeneities.
For pump powers below the instability threshold, the fundamental and second-harmonic f ields in the cavity are smooth, Gaussian-type beams. For higher powers spatial structures are observed, as shown in Fig. 2 19 predicts a spatial scale of ϳ1.2 mm, which is too large compared with the pump beam diameter to yield a fully developed hexagon in the near field. Reduction of the symmetry class and compression of the spatial scale when a focused pump beam was used have also been seen in Kerr-type media. 21 Inhomogeneities in the crystal available at present prevented us from using a larger beam.
We can compare the experimental pump power needed for observation of spatial instability with the analytical prediction of mean-field theory. The results of mean-field plane-wave analysis 19 for DkL c ϳ 3 are shown in Fig. 3 . For this value of phase mismatch, plane-wave cavity bistability does not coexist with the transverse instability that is present for D * 22.2.
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We see that the instability threshold has a minimum for D ϳ 21 and increases approximately quadratically with increasing detuning. At the optimum detuning the theoretical threshold power calculated with the experimental beam diameter is ϳ140 W. The transverse wave number has the normal diffractive scaling as the square root of the detuning:
where D NL , which is positive for DkL c ϳ 3, is the nonlinear part of the detuning. Although the absolute value of the cavity detuning was not stabilized, the sharp theoretical minimum in the threshold power suggests that the observed structures were obtained at small negative detunings close to the minimum of the threshold. This is consistent with the observation from a large number of shots that the measured transverse wave number varied by less than 30%, although we also expect the limited pump beam size to suppress variations in the transverse scale. Note also that for D * 20.2 the threshold for internally pumped parametric oscillation is lower than the transverse instability threshold, and the former may coexist with transverse structures, although the parametric beams were not observed in this work. While the parametric oscillation can have a strong inf luence on the temporal stability of the cavity mode, 23 theoretical studies of both singly 19 and doubly 24 resonant SHG show that the parametric beams strongly suppress structure formation for positive detuning of the fundamental. This suggests, together with the pump threshold and spatial wave-number data, that the observed structures were obtained for small negative values of the cavity detuning. Pattern formation for negative cavity detuning is a unique feature of SHG for which the total cavity detuning can be written as the sum of a linear and a nonlinear part, in contrast with the optical parametric oscillator, for which k Ќ ϳ p D so that there is no transverse instability for negative detuning.
We see that the pump intensity at the threshold of modulational instability predicted by mean-f ield theory for a plane-wave pump is as much as 50 times lower than the experimental value needed with a focused pump beam because of the spatial scale compression. The observed pump power requirements can be verif ied by simulations of the cavity dynamics with a focused pump beam. The bottom row in Fig. 2 was obtained by numerical solution of the paraxial propagation equations [Eqs. (25) and (26) over a time corresponding to 230 cavity round trips. Parameter values in a range of 625% relative to the experimental ones gave numerical results similar to those shown in Fig. 2 . As the pump intensity was increased, a bifurcation sequence of near-f ield structures was observed, ranging from single-spot self-focusing to two spots, four spots, five spots, a hexagonal structure, and unstable random filamentation. Inclusion of ϳ10% pump beam ellipticity, which was present experimentally, resulted in the three spot patterns shown in Fig. 2 for a pump power of ϳ2 kW. With the assumption of D ϳ 21, the spatial and angular scales observed in experiment and numerics agree to within ϳ30%. Even with a spatially limited beam the intracavity geometry allows instabilities to be observed with pump intensities that remain 3 orders of magnitude lower than those used in single-pass experiments without a cavity. 13 We note that structures similar to those seen in Fig. 2 can also be obtained from single-pass experiments with sufficiently large nonlinearity. 25 However, the agreement between numerics and experiment indicates that the observed structures are not the result of a convective instability but rather are spatially compressed versions of the patterns predicted in the presence of optical feedback. 19 For larger and smaller pump beam widths and powers, different structures were seen both in simulations and in the experiment, as shown in Fig. 4 . These included self-focusing to a single spot and to different numbers of near-f ield spots. Similar structures were also seen in the fundamental beam. At the highest pump powers of ϳ20 kW, random distributions of bright self-focused filaments were observed, as shown in the bottom row of Fig. 4 .
In conclusion, we have observed spatial modulational instabilities in a quadratically nonlinear cavity with spatial and angular scales that are in agreement with numerical simulations.
